ABSTRACT: High-performance, multispectral, and large-format infrared focal plane arrays are the long-demanded third-generation infrared technique for hyperspectral imaging, infrared spectroscopy, and target identification. A promising solution is to monolithically integrate infrared photodetectors on a silicon platform, which offers not only low-cost but high-resolution focal plane arrays by taking advantage of the well-established Si-based readout integrated circuits. Here, we report the first InAs/GaAs quantum dot (QD) infrared photodetectors monolithically integrated on silicon substrates by molecular beam epitaxy. The III−V photodetectors are directly grown on silicon substrates by using a GaAs buffer, which reduces the threading dislocation density to ∼10 6 cm −2 . The high-quality QDs grown on Si substrates have led to long photocarrier relaxation time and low dark current density. Mid-infrared photodetection up to ∼8 μm is also achieved at 80 K. This work demonstrates that III−V photodetectors can directly be integrated with silicon readout circuitry for realizing large-format focal plane arrays as well as mid-infrared photonics in silicon. KEYWORDS: quantum dots, infrared photodetectors, silicon, molecular beam epitaxy I nfrared photodetectors can be applied to a wide range of applications, including free-space communication, surveillance, tracking and missile interception, chemical sensing, and biomedical imaging.
I nfrared photodetectors can be applied to a wide range of applications, including free-space communication, surveillance, tracking and missile interception, chemical sensing, and biomedical imaging. 1 Until now, high-performance infrared photodetectors have been demonstrated in HgCdTe film, InGaAs/GaAs quantum wells (QWs), In(Ga)As/GaAs quantum dots (QDs), and InAs/GaSb type-II superlattice.
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However, these devices require complicated fabrication steps and hybrid integration with silicon readout integrated circuits (ROICs), which limits the yield, performance, and format size. 7 The monolithic integration of photodetectors with Si ROICs can potentially result in faster speed, higher performance, enhanced functionality, and higher resolution focal plane arrays (FPAs). 8 There is also no doubt that it will dramatically reduce the fabrication cost using the standard silicon fabrication. This is particularly true for HgCdTe-based FPAs, which lack a low cost and high-quality substrates. The lattice-matched CdZnTe substrates are about $200/cm 2 and limited to small size (7 × 7 cm 2 ). 9 Although Si is a promising substrate for large-format FPAs, the very large lattice mismatch (∼19%) and thermal expansion coefficient (TEC) mismatch (∼80%) between Si and HgCdTe present a great challenge for integration. 10 Compared with HgCdTe alloys, III−V semiconductors, wellestablished infrared materials, have a similar TEC mismatch but distinctly reduced lattice mismatch to Si (∼4%), which makes III−V materials promising alternatives for monolithically integrated FPAs on Si substrates. Among various techniques, QD infrared photodetectors (QDIPs) present several attractive merits, including high-temperature operation, low dark current, and high detectivity. 11−13 More importantly, carrier localization in QDs results in less sensitivity to defects and reduced negative influence of defects compared with conventional bulk materials and QW structures for III−V devices integrated on silicon platforms. 14, 15 The strong strain fields generated by the QD arrays also restrict the movement of dislocations and, thus, further reduce the interaction between photogenerated carriers. 16 These unique properties of QDs have led to successful monolithic integration of III−V light sources on group IV substrates. 17−23 In this paper, an InAs/GaAs QDIP has been directly grown on Si substrates. A GaAs buffer with a few sets of strained layer superlattices (SLSs) has been employed to overcome the high threading dislocation density induced by the lattice and TEC mismatch. High-quality GaAs/Si virtual substrates with low threading dislocation density on the order of ∼10 6 cm −2 have been obtained for the growth of QDIPs. Photodetection up to ∼8 μm via transitions from the localized QD states to the conducting continuum (quasi-continuum) states is achieved at 80 K. A low dark current of 8.9 × 10 −4 A/cm 2 (at 60 K and 1 V) is measured from the QDIPs, which is comparable to those reported for detectors grown on native substrates. This approach realizes the reliable and cost-effective monolithic integration of III−V devices on Si substrates. The demonstration of QDIPs monolithically integrated on Si substrates paves the way to realize large-format infrared FPAs as well as toward cost-effective mid-infrared Si photonics.
The GaAs buffer and QDIP active layers were directly grown on Si substrates by a solid-source Veeco Gen-930 molecular beam epitaxy system. To avoid formation of antiphase domains, 3 in. Si(100) wafers with 4°offcut toward the [011] direction were used. The Si wafers were thermally treated in ultrahigh vacuum at 900°C for 30 min to remove any oxide formed on the surface before initialization of growth. A 5 nm AlAs nucleation layer was first deposited on the Si substrate at 370°C
by the migration-enhanced epitaxy. Sequentially, a GaAs buffer that consists of low-temperature GaAs and InGaAs/GaAs SLSs was grown. The buffer layer is the same as that reported in a previous study, except that four sets of InGaAs/GaAs SLSs 
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24 Figure 1 shows the transmission electron microscopy (TEM) measurements of the GaAs buffer directly grown on Si substrates. As expected, a high density of threading dislocations is formed at the interface of the GaAs buffer and Si substrate as a result of their lattice and TEC mismatch. Despite that a large number of threading dislocations are self-annihilated in the first few hundred nanometers of GaAs buffer, a high threading dislocation density of 10 9 cm −2 can still be measured after growing 1 μm GaAs buffer. As shown in Figure 1a and b, the insertion of the SLSs significantly accelerates the annihilation of threading dislocations. After four sets of SLSs, the threading dislocations are reduced by 3 orders of magnitude and approximately reach the level of 10 6 cm −2
, which can no longer be accurately determined by the cross-sectional TEM (Figure 1b) .
On the GaAs buffer, growth of QDIPs was then carried out as follows: a 500 nm n-type GaAs bottom contact layer (Sidoped, 2 × 10 18 cm
), a 80 nm undoped GaAs spacer layer, 20 periods of InAs/GaAs QDs separated by 50 nm GaAs spacers, a second 80 nm undoped GaAs spacer layer, and a 300 nm n-type GaAs top contact layer (Si-doped, 2 × 10 18 cm
−3
). Each QD layer consisted of 2.1 monolayers (MLs) of InAs QDs. The QD layers were grown at 510°C. Figure 1c shows a representative cross-sectional TEM image of a single InAs/GaAs QD grown on the Si substrate. A disc-shaped QD with dimension of 25 nm × 5 nm (diameter × height) is similar to that grown on GaAs substrates. Figure 1d shows a low-magnification bright field TEM image of the QDIP active layers, which presents a totally dislocation-free region of the 20 layers of QDs.
To gain insight into the optical properties and electronic structure of QDs directly grown on Si substrates, photoluminescence (PL) measurements were carried out using a Nd:YAG laser (532 nm excitation) with a laser spot diameter of 20 μm and a diode-pumped solid-state laser. Figure 2a presents the PL spectra measured under different excitation power intensities at 10 K. A broad emission peak at ∼1.2 eV attributed to the QD exciton ground state is measured at the lowest excitation intensity I ex = 30 μW/cm 2 . The full width at halfmaximum (fwhm) of the peak is about 62 meV. Despite very low excitation power intensity, the peak is clearly asymmetric and cannot be fit by a single Gaussian function. With increasing excitation power, additional peaks appear on the high-energy side of the PL spectra, corresponding to emission from the excited states due to state filling at high optical excitation. The broad PL peak at ∼1.2 eV remains nearly unchanged with increasing excitation power until relative high excitation intensity I ex > 1 W/cm 2 , when a second peak emerges at ∼1.23 eV. Therefore, the broad and asymmetric PL peak at ∼1.2 eV may reflect an inhomogeneous size distribution of the QDs, particularly a bimodal size distribution. Figure 2b and c show the temperature-dependent PL spectra and the extracted PL information (integrated PL intensity, peak energy, and fwhm), respectively. The PL peak experiences a typical red-shift but does not follow Varshini's equation. Such a behavior indicates carrier transfer from smaller QDs with shallower confinement to larger QDs with a deeper potential well with increasing temperature. 25 The carrier transfer process can also be reflected from the fwhm values as a function of temperature. A reduction of PL fwhm is observed until 100 K. This reduction is caused by the thermal repopulation of larger QDs from carrier transfer from small QDs. 20 On the other hand, the PL fwhm increases as a result of carrier scatter over QDs of different sizes with further increasing the temperature over 100 K. 26 In Figure 3c , the temperature-dependent integrated PL intensity shows the onset of the thermal PL quenching at around 200 K. By fitting the integrated PL intensity over 200 K, the activation energy, approximately the energy difference between the electron ground state and GaAs conduction band, is estimated to be 226 ± 27.3 meV. Except for the thermal PL quenching, no other PL quenching channels, e.g., nonradiative carrier recombination from defect/trap states, can be explicitly seen from the temperature-dependent PL measurements.
To further probe the quality of QDs grown on a Si substrate, transient PL measurements were performed using 2 ps pulses of 750 nm excitation from a mode-locked Ti:sapphire laser that produces an optical pulse train at 76 MHz and a Hamamatsu Synchroscan C5680 streak camera with an infrared enhanced S1 cathode. The laser excitation density per pulse was 6 × 10 11 photons/cm 2 . Figure 3a shows the PL transients measured at 10 K for different detection wavelengths. Figure 3b plots the extracted decay time at each wavelength overlaid with the PL 
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Letter spectrum measured at a high excitation density of 5000 W/cm 2 . As shown in Figure 3a , all the PL transients have a relatively long decay time over 500 ps, except the emission from the wetting layer measured at ∼872 nm (∼89 ps). All PL peaks from the QDs displayed in Figure 3b have shown quite slow PL decay (>500 ps). Particularly, the decay time for the groundstate transition is as long as ∼1.3 ns, which is comparable to the typical values reported for InAs QDs grown on GaAs substrates. 27 The long decay time signals that the dominant PL decay for the QD states is radiative recombination. 28 Therefore, the long-lived PL in the QDs suggests the GaAs buffer technique used here provides a high-quality QDIP with low defect density.
The QDIPs were fabricated into circular mesas by standard photolithography and wet chemical etching techniques. Mesas were fabricated with different diameters from 25 μm to 1 mm. Ni/GeAu/Ni/Au were deposited on both bottom and top n + -GaAs contact layers. Rapid thermal annealing was then applied to form the ohmic contacts. The dark current is one of the key factors that restrict the performance of photodetectors. A low dark current level of photodetectors can withstand the detrimental thermal effects, e.g., thermionic emission, at higher operating temperatures. The temperature-dependent dark current−voltage characteristics of the QDIP on Si substrates are plotted in Figure 4a . The dark current density experience considerable increase with bias and temperature due to the field-assisted tunneling and thermionic emission, respectively. Nonetheless, a rather low dark current density (8.9 × 10 −4 A/ cm 2 at 60 K and 2.8 × 10 −3 A/cm 2 at 80 K, both at 1 V) is measured from the QDIP directly grown on a Si substrate. Despite the presence of threading dislocations (∼10 6 cm −2 ) caused by the large lattice and TEC mismatch, the QDIP on Si shows comparable dark current density to state-of-the-art devices grown on a native substrate. 29 It should be noted that no current-blocking layer, which can provide further reduction in dark current, has been used in this study. The temperaturedependent dark current in Figure 4b provides the dark current activation energy, which is fitted as ∼190 ± 1.9 meV. Compared with the PL quenching activation energy of 226 ± 27.3 meV, this value is slightly lower. It should be noted that the dark current data show the activation energy for photoelectrons, but PL measurements are based on electron− hole recombination and show the sum of activation energies of electrons and holes. 30, 31 Therefore, the difference of ∼36 meV is the hole activation energy.
The photocurrent spectra of the QDIP were acquired with a Bruker Equinox-55 Fourier-transform spectrometer in the normal incidence configuration at different applied bias voltages at 80 K. The mesa size of the QDIP is 1 mm in diameter. A glow-bar infrared light source is normal incident on the device. The photocurrent signal was amplified using the SR570 lownoise current preamplifier by Stanford Research Systems. This preamplifier has also provided an electrical bias for the QDIPs. The amplified signal was ac-coupled to a spectrometer to cut off the dark current signal. Figure 4c plots the photoresponse spectra of the QDIP covering a broadband spectral range from 5 to 8 μm. The broad photoresponce spectra acquired at +1 V and −1 V are overlaid by sharp absorption lines of residual atmospheric moisture in the spectrometer. The sharp peaks in the spectrum acquired at 0 V are artifacts and have to be discarded. The photoresponse main peak (λ p ) is about 6.5 μm (190.7 meV) with an fwhm (Δλ) of 2.0 μm. The broad photoresponse (Δλ/λ p = 30.7%) suggests transitions from QD bound states to continuum states. In addition, the corresponding energy (190.7 meV) of the photoresponse peak is in good agreement with the activation energy extracted from the dark current measurements, which supports bound-to-continuum transitions in the QDIP. The photoresponse intensity measured at negative bias voltage is slightly higher than that at positive bias voltage. This behavior can be explained by the inherent asymmetry of the self-assembled QDs grown by the Stranski− Krastanov mode. A built-in electric field is normally present in the QD device as a result of the existence of the wetting layer, the asymmetric shape of the QDs, and anisotropic strain distribution. 32 The built-in electric field also leads to a slight asymmetry of the dark IV (Figure 4a ) and the photoresponse measured at zero bias voltage (Figure 4c ).
In conclusion, we present the first direct growth of midinfrared InAs/GaAs QDIPs on Si substrates by molecular beam epitaxy. High-quality InAs/GaAs QDs have been realized on Si substrates by optimizing the GaAs buffer layers on Si substrates. The GaAs buffer presents a low threading dislocation density of ∼10 6 cm −2 . A long PL decay time up to 1.3 ns has been measured from the QDs grown on Si, indicating that highquality QDIPs can be directly grown on Si substrates. The highquality QDs grown on Si lead to observation of photocurrent in the mid-infrared spectral range from 5 to 8 μm due to optical transitions from the localized QD states to the conducting continuum (or quasi-continuum) states. The low dark current density of 8.9 × 10 −4 A/cm 2 (at 1 V) also confirms the high quality of the III−V optoelectronic materials directly grown on Si substrates.
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